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R279The philosopher Ludwig Wittengenstein 
wrote in his Tractatus Logico-
Philosophicus that his reader should 
reach the point where “he must so to 
speak throw away the ladder, after 
he has climbed up on it”. To put it 
another way, once one is certain about 
something, the process by which 
that certainty was achieved does not 
really matter anymore. This statement 
could perhaps also be applied to the 
progress of scientific knowledge. Once 
a scientific fact is revealed or a process 
is understood, the means by which it 
was established become of secondary 
importance. All too often those means 
are forgotten, as are the people who 
made the steps possible. To achieve 
everlasting scientific fame, it seems 
your name has to be tied to a single, 
straightforward advance: a conceptual 
breakthrough, as in the case of Darwin, 
or a clear-cut discovery, like that of 
Gregor Mendel. 
But those scientists whose 
contributions are more diverse, and 
become superseded by subsequent 
further insights, all too often fall 
into oblivion, at least in wider 
circles. Theodor Boveri (1862–1915; 
Figure 1) is such a case. Though his 
contributions to elucidating the role 
of the chromosomes as the vectors of 
heredity are widely recognised among 
biologists, his achievements have 
been overshadowed to some extent 
by the many rungs that have since 
been added to the ladder. In the light 
of all we now know about how genetic 
information is encoded, transmitted 
and realised, his contribution can 
appear incremental: a necessary step 
at the time, but one that now can 
be taken for granted. And, although 
Boveri’s lucid understanding and 
prescience is appreciated to some 
extent, though not always duly 
acknowledged, there is perhaps 
something else to be discovered in his 
work; not just the end results, in terms 
of pieces of knowledge, but the path of 




and the natural 
experimentThe biography of Boveri‘s biological 
thinking also illustrates how, in the early 
days of biology, findings in one area 
could easily lead to breakthroughs in 
another. Boveri’s work started out with 
a series of descriptive studies on a fairly 
discrete set of cellular events around 
the fertilisation of the Ascaris egg. 
Here, he observed all the phenomena 
whose basis he later investigated 
experimentally — in particular, the 
function of the chromosomes and their 
interaction with the cytoplasm — leading 
to fundamental insights into genetics, 
development and cell biology. In his 
experiments, he repeatedly focused  
on one characteristic set of 
abnormalities — dispermic embryos. 
Boveri ingeniously used this, as he called it, “experiment of Nature” to 
tackle different sets of questions, such 
as the mechanism of cell division, the 
function of the chromosomes and their 
regulation by the cytoplasm; he was 
thus able to apply insights gained in 
one process to the study of another 
and managed what many biologists still 
dream about today, to be broad and 
deep at the same time. 
The rules of attachment
In 1886, after his PhD, Theodor Boveri 
joined the lab of Richard Hertwig in 
Munich, one of the most eminent cell 
biologists of the time. In Hertwig’s lab, 
Boveri encountered a newly emerging 
model system, the nematode Ascaris 
megalocephala (Parascaris equorum) Figure 1. Theodor Boveri and contemporaries.
From top left to bottom right: Carl Rabl (1853–1917) (Wikipedia, http://de.wikipedia.org/wiki/
Carl_Rabl), Edouard van Beneden (1846–1910) (Science Photo Library), Walther Flemming 
(1843–1905) (Wikipedia, http://en.wikipedia.org/wiki/Walther_Flemming), Oscar Hertwig (1849–
1922) (Wikipedia, http://en.wikipedia.org/wiki/Oskar_Hertwig), Richard Hertwig (1850–1937) (Bri-
tannica, http://www.britannica.com/eb/art-11572/Richard-von-Hertwig), Theodor Boveri (1862–
1915) (American Philosophical Society), Marcella Boveri (1863–1950) (Staatsbibliothek Berlin), 
Edmund Beecher Wilson (1856–1939) (Columbia University Archives), Thomas Hunt Morgan 
(1866–1945) (Science Photo Library), August Weismann (1834–1914) (American Philosophical 
Society), Wilhelm Roux (1850–1924) (Science Photo Library), Walter Sutton (1877–1916) (Repro-
duction as shown with permission from the University of Kansas Medical Center Archives).
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Stained sections of Ascaris eggs at consecu-
tive stages of cell division are shown. The 
top image shows the darkly stained chromo-
somes at prophase, the bottom image shows 
telophase and the intermediate images 
stages of metaphase. Images by Herve Conge, 
Oxford Scientific.that parasitises the guts of horses. 
Ascaris had been introduced into 
cell biology a couple of years earlier 
by Edouard van Beneden, who had 
made groundbreaking observations on 
fertilisation and cell division in Ascaris 
eggs (Figure 2). Between 1887 and 
1890, Boveri published a series of 
papers on Ascaris, dealing with meiosis, 
fertilisation and the subsequent 
cleavage of the Ascaris egg, which put 
him right into the first league of cell 
biologists (Figure 1). These first papers 
already addressed the full spectrum 
of questions that were to occupy 
Boveri for the next 25 years. One of 
these papers focused on an organelle 
he called the ‘centrosoma’. Though 
Edouard van Beneden and others had 
clearly seen centrosomes before, it was 
Boveri who realised their importance 
for cell division and fertilisation. He 
carefully observed that the centrosomes 
are contributed by the sperm, that they 
divide and subsequently organise the 
surrounding cytoplasm, with rayed 
asters eventually emerging that attach 
to the chromatic elements or loops 
(the term chromosome was not yet 
invented). From his observations, he 
reasoned that the fibrils emerging from 
one particular centrosome can only 
contact one side of each chromosome, 
while the other side attaches to fibrils 
from the other centrosome. 
Boveri inferred these fundamental 
truths, which still hold today, not 
only from his studies of cell division 
in normal embryos, but also from 
observations of the abnormal embryos 
that occasionally cropped up in his 
samples (Figure 3). For instance, he 
observed so-called monasters, eggs 
in which individual chromosomes are 
in contact only with fibrils from one of 
the two asters. In such monasters, the 
chromosomes are not, as usual, in the 
middle of the dividing cell, but instead 
are pulled towards the centre of the 
individual monasters. In other samples, 
where the sperm had not entered the 
cell, he saw that the chromosomes still 
condensed and underwent went similar 
transitions as usual in preparation for 
division, which he took as evidence for 
centrosomal and nuclear events being 
largely independent processes. From 
these observations, Boveri inferred  
the crucial role of the centrosomes  
in chromosome segregation, and that  
the arrangement of the chromosomes 
at the equatorial plate of normal cells is 
due to the opposing forces from  
either pole.Most importantly, Boveri observed 
Ascaris eggs with supernumerary 
centrosomes but a normal chromosome 
set. Every chromatic element in such 
an egg is in touch with just two of 
the centrosomes. These multipolar 
configurations show variation in 
attachment, and from this Boveri 
concluded that attachment must 
be random. This randomness of 
attachment can be inferred only from 
these abnormal eggs: in a normal cell 
division it would be impossible to see. If 
only two centrosomes were present, the 
rules of random and mutually exclusive 
attachment would suffice to generate 
bipolar attachment and hence regular 
separation. Boveri immediately realised 
that such irregularities may actually be 
highly informative for understanding the 
normal processes, as he wrote “almost 
every abnormal configuration will further 
our understanding and consolidate our 
judgement, as it excludes as causes or 
conditions of a phenomenon one or the 
other possibility that we initially have to 
accept.” Even though such multipolar 
mitoses had been observed before, 
Boveri gave them special attention 
and reasoned that the four resulting 
daughter cells will only very rarely 
receive the full set of chromosomes.  
It was this inference, noted as an aside 
in the last paragraphs of his 1888  
paper, that would lay the foundation  
for Boveri’s experiment of a lifetime.
Chromosome continuity
Perhaps the most fortunate advantage 
of Ascaris was that it has only four 
chromosomes, and its bivalens variant 
only two. This made it highly suitable 
for studying chromosomes, subcellular 
structures that were both highly 
conspicuous and highly enigmatic at 
the time. Though scientists had clearly 
observed chromosomes by the mid-
19th century, it was not until the 1870s 
that they came under close scrutiny. 
This was mainly due to advances in 
light microscopy, sectioning techniques 
and, most importantly, the availability 
of aniline dyes that stained the nuclear 
material, which thus became known as 
chromatin. By the late 1870s, several 
botanists and zoologists, in particular 
Anton Schneider, Eduard Strasburger, 
Otto Bütschli and Edouard-Gerard 
Balbiani, had observed structures which 
were referred to as ‘rods’, ‘loops’ or 
‘threads’. It had become clear through 
subsequent observations of Edouard 
van Beneden and Walther Flemming 
that these structures were  
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split and segregated during cell 
division. Nevertheless, there was 
something strikingly odd about 
chromosomes — they were only visible 
around the time of cell division, and 
not in the resting phase in between 
divisions. In fact, it seemed as if they 
would originate anew every time the cell 
divided. Two years before Boveri’s first 
work on Ascaris chromosomes, in 1885, 
Carl Rabl had found that in salamander 
epithelial cells the chromosomes were 
constant in number and occurred in 
similar arrangements before and after 
division. Based on these findings, he 
suggested that chromosomes were in 
fact permanent entities.
Rabl’s problem, however, was that 
the salamander cells contain dozens 
of chromosomes that were hard to 
count and impossible to tell apart. 
Ascaris is much cleaner in that there 
are only a few chromosomes, the ends 
of which are buried in little pouches in 
the nuclear envelope in a characteristic 
arrangement. Boveri had observed 
that, during the well-defined early 
divisions of Ascaris, this arrangement 
is preserved in the daughter cells. 
Based on these observations, Boveri 
formulated his theory of chromosome 
continuity, namely that chromosomes 
are continuous entities that exist 
throughout the cell cycle, albeit 
in different states — condensed 
during division and relaxed in the 
resting phase. From this, it followed 
that the chromosomes could be 
regarded as “individuals that lead 
their independent lives within the 
cell”. These two notions became 
known as ‘chromosome continuity’ 
and ‘chromosome individuality’, and 
Boveri was widely credited with their 
conception. Interestingly, however, 
Boveri had adopted quite a radical view 
of the individuality and very nature of 
chromosomes. In a paper in 1904 he 
wrote: “If we follow these structures 
in their ‘expressions of life’ — how 
they branch out like rhizopodia during 
formation of the resting nucleus and 
contract again as it dissolves, how 
they propagate by division and from 
time to time copulate as pairs — then 
this indicates a level of ‘expressions 
of life’, like it is ascribed to entire cells. 
The way the chromosomes form a 
unity with the protoplasm can perhaps 
best be described as an extremely 
close symbiosis. I think it is worth 
discussing the question of whether this 
might not be more than a metaphor. Figure 3. Boveri’s drawings of abnormal Ascaris cleavage divisions.
Already in his early Ascaris work Boveri focused on abnormalities in division and drew upon 
them for understanding the mechanics of cell division. (A) Dividing Ascaris egg in which all of 
the chromosomes are in contact with only one aster. (B–D) Various examples of chromosomes 
being in contact with a single aster. (E) Abnormal spindle, contacting one chromosome pair 
only partially. (F,G) Dispermic eggs with an extra aster that does not contact chromosomes. (H) 
Tetrapolar mitosis of a dispermic Ascaris egg. Modified from Theodor Boveri (1888). Zellenstu-
dien II. Die Befruchtung und Teilung des Eies von Ascaris megalocephala. Jena Z. Naturwiss. 
22, 685–882.It might be possible that what we 
call a cell, and for which our mind 
demands simpler preliminary stages, 
originated from a symbiosis of two 
kinds of simple plasmatic structures, 
such that a number of smaller ones, the 
chromosomes, settled within a larger 
one, which we now call the cell body.”
Partial truths and polarities
In his early Ascaris studies, Boveri 
had laid the foundations for his 
understanding of the chromosomes as 
continuous and individual entities. But 
another important piece of knowledge 
was critically missing. If chromosomes 
were continuous individuals and so 
meticulously segregated during division 
and passed on to the next generation, 
what were they doing? The 1880s saw 
a bloom of theories. The botanist Carl 
Nägeli had postulated the existence 
of what he called ‘idioplasma’ as 
the substance of inheritance, which 
he imagined as threads that stretch 
between cells and whose activity 
is reflected in different states of 
mechanical excitation. Wilhelm Roux 
had postulated that the nucleus, and in 
particular the chromatin, must contain 
the causative agents of inheritance. 
And August Weismann, on the basis 
of his initial theory of the continuous 
germ plasm, erected a whole theory of 
inheritance, which featured a differential 
distribution of the chromatic material 
between somatic cells. But this was 
all still entirely inferential and Boveri desired a clear-cut experimental proof 
for the role of the chromosomes.
A new model system provided an 
opportunity to probe the function of 
individual chromosomes. Since the 
1870s there had been a growing interest 
in the eggs of marine invertebrates. 
Marine organisms tend to produce 
vast numbers of eggs that are fertilised 
and develop externally, making them 
much more accessible for microscopy 
and manipulation. In particular, sea 
urchins soon came to occupy a prime 
position. Their eggs are transparent, 
easily obtained and come in huge 
numbers. Moreover, sea urchin eggs 
could be fertilised in vitro, their growth 
conditions chemically altered and their 
embryos mechanically manipulated. In 
a sense, sea urchins were on their way 
to becoming one of the first real model 
organisms. In 1875, Oscar Hertwig, the 
brother of Richard Hertwig, carried out 
ground-breaking work in sea urchins, 
observing for the first time fertilisation 
and finding that it involves a fusion of 
the nuclei of the sperm and egg. 
Jacques Loeb and Thomas 
Hunt Morgan discovered that 
parthenogenesis can be induced in sea 
urchins artificially and, in 1887, Oscar 
and Richard Hertwig showed that it 
was possible to fertilise fragments 
of sea urchin eggs lacking any sign 
of the oocyte nucleus, later termed 
‘merogones’, which could initiate early 
cleavage. Boveri immediately realised 
that, if the chromosomes were the 
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was widely surmised but experimentally 
untested, this experiment would provide 
a way of manipulating the chromosome 
content of the offspring such that it 
could be derived either solely from 
the mother, as in parthenogenesis, 
or solely from the father, as in a 
fertilised merogonic fragment. The 
problem was how to discriminate the 
contribution of maternal from paternal 
chromosomes. Boveri’s idea, which 
he set out to test in 1889, was to use 
two different but related species of sea 
urchin, Sphaerechinus granularis and 
Psammechinus microtuberculatus, 
the larvae of which can be easily 
distinguished by their number and 
shape of skeletal elements. 
Boveri showed that Sphaerechinus 
eggs can indeed be fertilised by 
Psammechinus sperm and that 
the resulting larvae show skeletal 
morphologies intermediate between 
those of their two parents. The 
fact that maternal and paternal 
characters were equally represented 
in the intermediate appearance 
of the hybrids suggested that the 
chromosomes, which, in contrast to the 
cytoplasm, were equally contributed 
by egg and sperm, were causing this 
intermediate appearance. After this 
control experiment, Boveri fertilised 
the fragments of Sphaerechinus eggs 
with Psammechinus sperm. Unlike his 
predecessors who had only observed 
the first cleavages, he allowed these 
embryos to develop further, such that 
he obtained larvae that could be scored 
for paternal or maternal appearance. In 
a sense, this marks a critical step. To 
use the larval phenotype as a means 
of assessing chromatin contributions 
to the embryo was going to be a 
critical conceptual tool in Boveri’s later 
experiments. From these fertilisations, 
Boveri obtained three classes of larvae. 
One class just looked like the hybrid 
embryos from the control experiment; 
the second class looked similar, but 
smaller, suggesting that they were 
derived from smaller fragments of the 
oocyte. Very rarely, however, Boveri 
found larvae that looked like those of 
Psammechinus, the paternal species, 
suggesting that these embryos were 
derived from fragments that lacked the 
oocyte nucleus and whose chromatin 
content was entirely derived form the 
paternal input.
Boveri reported his results 
under the catchy title ‘A sexually 
generated organism without maternal characteristics’ and interpreted them 
as evidence that the chromosome 
content determines the characteristic 
traits of the organism. The paper 
caused an immediate splash and 
Thomas Hunt Morgan and others, such 
as Oswald Seeliger, Yves Delage and 
Hans Driesch, tried to recapitulate the 
experiments. Boveri himself had been 
cautious in his preliminary paper and 
was well aware of the limitations of his 
experiment. In particular, the fact that 
the egg fragments that lack the oocyte 
nucleus occurred so rarely posed a 
problem. Boveri noted that the clean 
way of doing the experiment would 
have been to identify the enucleated 
fragments first and then follow 
them in isolation after fertilisation, 
thus establishing a true causal link 
between lack of maternal nucleus 
and the observed larval morphology. 
Instead, Boveri had inferred the 
chromosome content of these embryos 
only indirectly, by comparing nuclear 
sizes between the different classes of 
embryo. As the paternal types often 
showed smaller nuclei he was confident 
they represented haploid offspring 
lacking maternal chromatin. 
But soon Morgan and Seeliger found 
that the nuclear size was overall much 
more variable in the merogonic embryos 
and thus was an unreliable measure. 
Moreover, Delage noted several years 
later that the mechanical fragmentation 
fractures not only the eggs, but also the 
nuclei; thus, maternal contribution could 
not be excluded. Boveri tried to stand 
his ground, but a mysterious illness in 
1891/92 rendered him unable to repeat 
his initial experiments right away, and 
it was only in 1910 that he took up the 
merogony experiments again, together 
with his wife, the American-born 
biologist Marcella O’Grady. The results 
were sobering, as it became clear that 
shaking and breaking the eggs did harm 
the nuclei and so he could not fully 
exclude that what he had considered 
paternally derived organisms were 
not strictly without any maternal 
contribution. 
Boveri was struck by this 
shortcoming of his imaginative 
experiment. Three years after his death, 
his wife published the negative results, 
following his last will. But, even though 
the role of the chromosomes in heredity 
had been well established by then, 
Boveri’s initial experiment continued 
to captivate people, in particular those 
who wanted to prove or disprove the 
possibility of cytoplasmic inheritance. The final proof came as late as 1954, 
when Leopold von Ubisch managed 
to surgically remove egg nuclei from 
Sphaerechinus eggs and obtained, 
again at very low frequency, embryos 
with paternal characteristics that he 
could show were true haploids. It 
was the answer Boveri had wanted to 
obtain. This type of experiment can 
be seen as the forerunner of Gurdon’s 
famous frog cloning experiments  
and the nuclear transfer cloning 
experiments that captivate science  
and lay audiences to this day. Ironically, 
thus, this imaginative but problematic 
experiment is perhaps one of Boveri’s 
longest lasting legacies. 
There was another thing that was 
odd about chromosomes: if they were 
present in all cells of an organism 
and determined the character of the 
cells, how do you explain the different 
properties of the various cell types? 
This problem of differentiation was at 
the heart of a great deal of biology at 
that time (and still is today). August 
Weismann, for instance, proposed 
in his theory of the germ plasm that 
the character of the individual cells 
lay in the activity of what he called 
determinants. These were derived from 
the idioplasm, contained in so-called 
idants. While in the germ line, known  
to segregate early and transmit the 
germ plasm to the next generation,  
the idioplasm remained constant,  
in the somatic cells it changed and  
was determined through the process  
of division. 
Wilhelm Roux assumed that the 
differentiation must take place at the 
level of the chromosomes. Roux had 
reason to believe this from his own 
experiments. He had observed in 
1888 that, when one of the two first 
blastomeres of a frog egg is killed with 
a hot needle, a ‘half-embryo’ emerged. 
This seemed to argue that the early 
blastomeres were preformed to form 
structures and could not replace the 
missing parts. But Roux’s findings 
were contrasted by those of Hans 
Driesch, who in 1891 had split sea 
urchin embryos at the two-cell and 
four-cell stages and found that the 
fragments give rise to normal looking, 
albeit smaller, embryos. This led to a 
long-lasting debate about preformation 
versus regulation that occupied 
developmental biologists for decades to 
come. Driesch argued that the embryo 
was a ‘harmonic equipotential’ system, 
unlike a machine, where removal of 
even the tiniest part could result in 
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When Driesch attempted his separation 
experiments at later stages, however, 
he found that at the 8- or 16-cell stage, 
not all the blastomeres can give rise to 
proper embryos. 
In 1900 and 1901, Boveri and his 
wife made observations on a different 
species of sea urchin, Paracentrotus 
lividus. This species is peculiar in that 
the eggs carry a ring of yellow pigment 
in the vegetal half — a clear indication 
of polarity in the early egg. The pigment 
ring provided a visible marker and 
made it possible for the first time to 
correlate the polarity of the egg with 
the subsequent pattern of cell division 
and gastrulation. From his observations, 
Boveri was able to deduce the first 
fate map of an embryo. The most 
vegetal unpigmented part would form 
the mesoderm, the pigmented ring 
would give rise to the gut and the 
animal half would yield the ectoderm. 
By following the yellow pigment 
ring, Boveri realised that the first two 
cleavage divisions dissect the egg such 
that the whole animal–vegetal axis of 
polarity is contained within the resulting 
blastomeres. Subsequent cell divisions 
occur perpendicular to that axis, so the 
different cells inherit different parts of 
the cytoplasm. This readily explained 
why Driesch had only been able to get 
full larvae in his separation experiments 
up to the four-cell stage. Only up to that 
stage do the blastomeres contain the 
full polarity. 
An experiment of Nature
Perhaps Boveri’s mixed results from 
the rather crude fractioning of embryos 
drew him to more subtle ways of 
manipulation. By the 1880s several 
researchers had noticed that, when sea 
urchin eggs are fertilised in vitro, some 
of the zygotes develop immediately into 
four-cell embryos, so-called ‘tetrasters’, 
skipping the usual two-cell stage. 
Driesch had noted in 1892 that such 
eggs do not develop into functional 
larvae. But otherwise, these oddities 
seem to have been largely neglected. 
After all, it seemed more intuitively 
sensible to try to gauge what goes on 
during normal processes before turning 
to abnormal ones. 
Boveri felt differently and the 
attention he paid to abnormal 
embryos prefigures one of the most 
important approaches to addressing 
function in biology, namely the study 
of altered states later championed 
in particular by geneticists and experimental embryologists. Boveri 
had first encountered the same type of 
abnormally dividing egg during his early 
studies on the Ascaris centrosomes 
and noted that it is caused by two 
sperm entering the egg. When this 
happens, the resulting zygote ends up 
with a mismatch between the number 
of chromosomes and the number of 
division centres. While in a normally 
fertilised egg there are two sets of 
chromosomes and two centrosomes 
(from division of the sperm centrosome), 
these dispermic eggs contain three 
sets of chromosomes (two from the two 
sperm and one from the egg) and four 
centrosomes. The four centrosomes 
cause the fertilised egg immediately to 
divide synchronously into four cells. Into 
these four cells, the three chromosome 
sets have to be distributed. This means 
that for one cell there are not enough 
chromosomes to be distributed such 
that the daughter cells each receive a 
full set. Furthermore, the chromosome 
complement in each of the daughter 
cells will be different, and the 
arrangement will differ from embryo to 
embryo (Figure 4). 
During his work on the Ascaris 
centrosome, Boveri had realised that 
each chromosome can only attach to 
two centrosomes and that attachment 
is random and mutually exclusive. This 
causes no problem when there are only 
two centres in the normal egg to which 
a given chromosome can attach. As 
soon as one end attaches to one pole, 
the other will automatically attach to 
the second pole, thus ensuring normal 
distribution. In the tetracentric eggs, 
however, each chromosome has more 
degrees of freedom and can ‘choose’ 
between four centrosomes. As Boveri 
wrote in 1888: “Karyokinesis, which 
in the presence of two poles is a 
mechanism of almost ideal perfection 
for dividing one nucleus into two 
quantitatively and qualitatively identical 
nuclei, inverts these advantages into 
the opposite when a larger number of 
centrosomes is present”. In essence, 
the tetracentric eggs provided a means 
to manipulate the chromosome content 
of individual sea urchin blastomeres, 
with regard to number and type of 
chromosome. Without his earlier work 
on the centrosomes, Boveri would 
perhaps not have realised that the 
dispermic eggs provide a means to 
study the role of the chromosomes 
themselves. Being able to apply in sea 
urchin the same experimental system 
he had used in Ascaris and use it to study the function of the chromosomes 
instead of the mechanics of their 
segregation is a typical example of 
Boveri’s versatile thinking. 
Boveri conducted his first study 
on dispermic sea urchin embryos in 
1901. Unlike others who had observed 
Figure 4. Divided by four.
Boveri’s conceptualisations of various exam-
ples of tetrapolar mitoses in dispermic sea 
urchin eggs. The left panels show schematic 
representations of sea urchin eggs with three 
sets of hypothetical chromosomes (a, b, c, 
d), two of which come from the two sperm 
and one of which from the oocyte. The chro-
mosomes attach at random to the spindles 
formed by the two pairs of sperm-derived 
centrosomes. The right panel shows the cor-
responding blastomeres resulting from simul-
taneous division of such eggs. Blastomeres 
that do not receive at least one of each chro-
mosome are shaded. Modified from Theodor 
Boveri (1907). Zellenstudien VI. Die Entwic-
klung dispermer Seeigel-Eier. Ein Beitrag 
zur Befruchtungslehre und zur Theorie des 
 Zellkerns. Jena Z. Naturwiss. 43, 1–292.
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allowed them to develop beyond 
the blastula stage, and it turned 
out that the embryos derived from 
these experiments showed rather 
heterogeneous fates — some died 
right after the blastula stage as hollow 
balls, while others started invaginating 
the gut, and yet others even formed 
what looked like larvae, albeit with 
malformed or undeveloped parts. The 
simple fact that each of the embryos 
looked different was in Boveri’s mind 
a clear reflection of the fact that the 
first cleavage yielded chromosome 
distributions that varied from embryo 
to embryo. These dramatically 
different fates could not be due to the 
protoplasm because, as Boveri knew 
from his earlier work on S. lividus, in 
these dispermic eggs, the first division 
dissects the embryo along the  
animal–vegetal axis such that both 
daughter cells inherit the full range  
of polarity.
To prove that it really was the varying 
chromosome content that caused the 
developmental heterogeneities, Boveri 
ingeniously adopted Driesch’s embryo-
splitting experiment. By splitting 
tetraster embryos into their four initial 
blastomeres and allowing them to 
develop further, Boveri had devised a 
means of assessing the fate of individual 
blastomeres arising from polyspermic 
eggs. For Boveri, the embryos served, 
as he put it, merely as a “measuring 
instrument, from which the properties of 
the first embryonic cells can be read”. 
He had thus adapted his reasoning 
from the merogony experiment, namely 
to look at larval morphology as a 
readout of chromosome function and 
combined two different experiments, the 
polyspermic eggs and Driesch’s embryo 
splitting, in order to be able to follow 
the fates of individual blastomeres 
whose chromosome content he had 
manipulated.
In a sense, Boveri used the extra 
chromosomes and centrosomes 
contributed by the supernumerary 
sperm as biological tools. He worked, 
as it were, within the system, rather than 
subjecting it to crude external forces. 
It is perhaps not too far-fetched to say 
that Boveri had pioneered a new type of 
experiment that has become crucial for 
biological investigation ever since: the 
manipulation of biological process by 
the use of biological tools. This is what 
many biological experiments are to 
this day, be they an RNA injection or a 
restriction digest. Boveri was well aware of the superiority of this approach, as 
he wrote in 1907: “…the nature of the 
experiment consists only in the fact that 
one can be sure that in a given case 
certain circumstances that are usually 
present have been changed in a certain 
way. Who changes them, whether it 
is the observer or Nature itself, does 
not matter at all. The researcher of 
the living will take special care to find 
deviations from the normal in which he 
with his crude means has not interfered 
and yet is able to entirely comprehend 
the nature of the deviation. Double 
fertilisation is one such experiment of 
Nature. What the experimenter aims for 
by cutting the egg is being solved here 
in an unsurpassable way. Thus, we can 
be certain that the multipolar division 
cuts out the daughter nuclei from the 
existing amount of chromatin with 
regard to both number and combination 
just as randomly as if we were to cut the 
nucleus with a knife.”
Boveri was innovative, not only in 
his experimental method, but also in 
the way he analysed his results. When 
he analysed the embryos derived from 
separated blastomeres of dispermic 
eggs, he found again a highly disparate 
set of malformed embryos and almost 
never completely normal-looking 
larvae. A key problem, however, was 
that the chromosomes were not visible 
in the living cells. Thus, in these mass 
experiments, chromosome content 
could not be directly correlated with the 
fate of the resulting embryos. Instead, 
Boveri resorted to a quantitative 
approach to assess the fates of the 
separated blastomeres.
Boveri had started to use two classes 
of dispermic eggs. Usually, both sperm 
would contribute dividing centrosomes, 
giving rise to the tetraster, tetracentric 
four-celled embryos. If, however, 
the eggs were shaken right after 
fertilisation, the division of one of the 
centrosomes was sometimes blocked, 
such that only three centrosomes were 
present, giving rise to tricentric eggs, 
or ‘triasters’. Notably, Boveri found that 
these triasters give rise to normal or 
partially normal embryos much more 
frequently than tetracentric eggs. The 
differences between these two classes 
of embryo were crucial for Boveri’s 
quantitative argument: S. lividus 
normally contains 36 chromosomes, 
18 from the egg and 18 from the sperm 
nucleus. If two sperm enter the egg, the 
zygote ends up with 54 chromosomes 
which will upon division double to 
108 chromosomes. How these 108 chromosomes are distributed into the 
blastomeres depends on the type of the 
multipolar mitosis. In the tetrasters, the 
108 chromosomes will be distributed 
into four cells, yielding on average 27 
chromosomes per cell. In the case of 
the tripolar mitosis, each of the cells 
should wind up with an average of 36 
chromosomes — the normal number of 
chromosomes. In both cases, however, 
only a small fraction of the blastomeres 
developed into normal-looking larvae. 
Thus, Boveri reasoned, it cannot be 
the number of chromosomes alone 
that suffices to make an embryo; 
even more so, as his earlier work and 
studies on artificial parthenogenesis 
by Jacques Loeb and Thomas Hunt 
Morgan had shown that even half 
the number of chromosomes could 
suffice to yield complete larvae. Thus, 
the low numbers of normal- looking 
larvae would suggest that it is not 
the number of chromosomes per se, 
but instead their quality that matters. 
If the chromosomes, as Boveri had 
postulated, were really different 
individuals, it would be unlikely that just 
the right set would be allotted into one 
of the blastomeres.
To substantiate this reasoning and 
to make sense of the numbers of 
different classes of embryos he had 
obtained in his experiments, in his final 
paper on the dispermic eggs in 1907 
Boveri resorted to beautifully simple 
mathematical experimentation that 
he had conceived together with his 
friend the physicist Wilhelm Wien. He 
took three sets of numbered wooden 
beads to represent the three sets of 
chromosomes as they would be present 
in the dispermic eggs and mixed them 
in a dice beaker. The beads were 
poured onto a plate that was divided 
into three or four segments that would 
correspond to the metaphase plates of 
the tricentric or tetracentric embryos 
respectively. From these random 
distributions — random like the rules 
of chromosome segregation — Boveri 
inferred how many cells of tetracentric 
or tricentric embryos would end up 
with at least one copy of each of the 
chromosomes. The numbers matched 
his observations on both types of 
dispermic embryo pretty well, and 
explained why the tricentric embryos 
and their split blastomeres did survive 
much more often than the tetracentric 
ones. The odds of a blastomere getting 
a full chromosome set were of course 
much higher when the three sets of 
chromosomes were distributed among 
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Conversely, this meant that only a full 
set of chromosomes could support 
development and thus that they had to 
be different individuals.
In his work on Ascaris, Boveri had 
excelled as a gifted observer and 
describer (aided by his artistic talent), 
and he continued to focus on and draw 
individual embryos from his double 
fertilisation experiments, but the 
quantitative approach was pivotal for 
supporting his main claim. Interestingly, 
this is comparable to the quantitative 
reasoning that had enabled Gregor 
Mendel in 1865 to come up with his 
laws of the transmission of genes. In 
essence, Boveri had done a genetic 
experiment. Mendel’s seminal paper 
had been rediscovered in 1900, and 
Boveri was well aware of the striking 
similarity in the way Mendel’s factors 
segregated between generations and 
the behaviour of the chromosomes 
he had observed in his earlier works. 
Boveri’s essentially quantitative 
arguments had, by 1903, when he 
summarised the chromosome theory 
of inheritance, been corroborated by 
a series of crucial, non-experimental 
observations: Clarence McClung and 
Thomas Montgomery had observed 
a morphologically distinct, so-called 
‘accessory chromosome’; Montgomery 
and, in particular Walter Sutton, 
had been able to follow individual 
chromosomes in the locust Brachystola. 
Boveri’s chromosome individuality had 
become an observable fact.
Based on occasional tumours he 
had observed in his manipulated 
sea urchin embryos, Boveri noted in 
passing in 1902 that aberrations in the 
chromosome content, such as those 
caused by multipolar mitoses, might 
underlie the formation of cancers. He 
formulated his ideas in 1914 in his book 
‘On the Origin of Malignant Tumours’. 
Though highly speculative at the time, 
this book is nowadays often taken as 
evidence for Boveri’s visionary thinking, 
for example when he puts forward the 
idea that any tumour could be traced 
back to a single abnormal cell.
Beginnings and chromosome ends
Having used the dispermic eggs 
to address first the role of the 
centrosome in Ascaris and then the 
role of the chromosomes in sea urchin, 
Boveri turned to his ‘experiment of 
Nature’ once again, when he studied 
the influence of the cytoplasm or 
protoplasm, as it was then called, on the chromatin. Even though Boveri 
is most well-known for his work on 
chromosomes, his ideas about how 
the chromosomes interact with the 
cytoplasm were perhaps his most 
visionary. In some sense, as his friend 
E.B. Wilson noted, Boveri was the first 
to demonstrate experimentally a role 
of the protoplasm in development. 
Having discovered the inherent polarity 
of the sea urchin egg by means of 
observation, towards the end of his life 
Boveri turned once again to tackling 
this issue experimentally. And this led 
right back to his scientific beginnings 
with Ascaris.
As early as 1887, Boveri had shown 
that in the nuclei of subsequent 
divisions of the early Ascaris the 
chromosomes change appearance in 
some of the daughter cells (Figure 5). 
Applying his knowledge from sea 
urchin polarity, Boveri had observed 
that the first division of the Ascaris 
egg takes place between the animal 
and vegetal pole, which can be 
distinguished based on yolk granules. 
In the animal cell, the chromosome 
ends disappear and only the central 
part remains intact. This oddity, known 
as ‘chromosome diminution’, is found 
only in Ascaris (where up to 85% of 
somatic chromatin disappears) and 
in its relatives, as well as in some 
copepod crustaceans. Diminution 
occurs also in all the daughter cells 
of the animal cells, and is seemingly 
at odds with Boveri’s concept of 
chromosome continuity. But Boveri was 
not bothered too much by this, instead 
he emphasised that in one particular 
cell lineage the chromosomes remain 
intact. Based on the position of the cells 
in the embryo, Boveri reasoned that 
this lineage corresponds to the future 
germ cells. This provided a formidable 
manifestation for Weismann’s theory of 
the continuity of germ plasm that had 
been formulated a few years earlier. 
Even though primordial germ cells had 
been observed on many occasions 
before, the odd diminution provided a 
direct link between the germ plasm and 
the integrity of the chromosomes, which 
was of course vital if they were to be 
transmitted to the next generation. 
Diminution seemed to inform the 
problem of differentiation. And again 
it seemed to be in line with the ideas 
of Weismann, who had postulated 
that, during differentiation, nuclear 
material should be segregated unevenly 
into the daughter cells. Likewise 
Roux had suggested that the mitotic apparatus was principally suited not 
only to divide the chromatin in half, 
but also to give rise to differentially 
segregating chromatin fragments. In 
Weismann’s view, the difference in 
the nuclear content, or idants as he 
called his hypothetical units, would 
determine the fate of the daughter cells. 
Figure 5. Early cell divisions and cell lineage 
of Ascaris.
Drawings by Theodor Boveri illustrating the 
early cell divisions of the Ascaris embryo. The 
top panel shows a four-cell stage embryo with 
the germline precursor P2 at the bottom left. 
In the middle panel, P2 has given rise to the 
germline precursor P3 and the somatic pre-
cursor C (orange). In the bottom panel, P3 has 
divided from another somatic cell D. The nuclei 
of all the somatic lineages show signs of chro-
matin diminution, apparent by chromatin frag-
ments. Intact chromosomes can only be seen 
in the germline lineage P and transiently in its 
somatic daughter cells. Modified from Theo-
dor Boveri (1899). Die Entwicklung von Ascaris 
megalocephala mit besonderer Rücksicht 
auf die Kernverhältnisse. In Festschrift für 
Carl v. Kupffer. Fischer, Jena, pp. 383–430.
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Drawings by Theodor Boveri illustrating the extent of chromatin diminution in dispermic 
 Ascaris eggs. Boveri distinguished three types of such egg. Depending on the arrangement of 
the first, simultaneous cleavage with respect to the animal–vegetal polarity of the egg, one (left 
panels), two (middle panels) or three (right panels) germline precursors will form (white cells, 
top panels). Modified from Theodor Boveri (1910). Die Potenzen der Ascaris-Blastomeren bei 
abgeänderter Furchung. Zugleich ein Beitrag zur Frage qualitativ ungleicher Chromosomen-
teilung. In Festschrift für Richard Hertwig, III. Gustav Fischer, Jena, pp. 133–214.In this autonomous system, the units 
themselves should thus ‘know’ where to 
go and what to do and those destined 
for the germline should be special. 
To test this, Boveri once again 
combined two different lines of 
experimentation and observation, 
and once again he used dispermic 
eggs. The random segregation 
provided the means to manipulate 
the chromosome content of the 
resulting four blastomeres and the 
occurrence of diminution provided 
the readout; however, unlike in the 
sea urchin, it was not the effect of the 
chromosomes that could be observed, 
but the chromosomes themselves. If 
Weismann’s view was correct that the 
germ-line chromosomes are special, 
the random mixing in dispermic 
eggs should sometimes result in a 
given daughter cell carrying a mix of 
chromosomes that undergo diminution 
and those that do not. However, Boveri 
observed exactly the opposite: that 
cells always contained either only intact 
chromosomes or only chromosomes 
that had undergone diminution, but 
never a mix. Their numbers per cell varied, but they were always of one 
type or another, no matter how many 
chromosomes were there. Depending 
on the position of the cleavage planes 
relative to the animal–vegetal polarity of 
the egg, one or two or even sometimes 
three of the four first blastomeres  
could carry chromosomes that had  
not undergone dimunition (Figure 6).  
Therefore, Boveri concluded that it 
cannot be the chromosomes that 
determine whether or not they undergo 
diminution, but that this decision 
rather depends on the “plasmatic 
constitution” of the cell. 
During the early 1900s, Boveri 
followed up on these ideas with 
more ‘unnatural’ experiments, such 
as irradiation and centrifugation of 
eggs, through which he was able to 
further expand his understanding 
of the interaction between early 
embryo polarity and its effects on 
the chromosomes, the carriers of 
hereditary information. In 1910 he 
wrote: “Ascaris seems a simple 
paradigm for how we have to imagine 
the interaction between protoplasm 
and nucleus during ontogenesis and how the ultimately fundamental 
differences of the resulting cells arise 
from the extremely slight inequalities 
of the egg protoplasm through effects 
onto the nucleus and back-effects from 
the nucleus to the protoplasm”. Vague 
as it may seem, this statement, derived 
from the study of the seeming oddity 
of chromatin diminution, captures an 
essence of biology that still is under 
intense investigation today. And Boveri 
had been able to formulate it because 
he once again succeeded in putting 
the experimental system he knew so 
well to a new use.
One cannot help but be amazed by 
the course of the biography of Boveri’s 
thinking. In his first few papers on 
Ascaris development published in 
his mid-to-late twenties, Boveri had 
already laid the foundation for all the 
fundamental questions that were to 
occupy him for the rest of his life. The 
role of the centrosome, the nature 
and function of the chromosomes and 
how they are influenced by the cellular 
environment during the differentiation 
of cells. In a nutshell, these are some 
of the most fundamental questions of 
biology to this day. In a sense, Boveri’s 
progress from his early work on Ascaris 
onwards mirrored that of biology as a 
whole — from observation of a number 
of processes in a single system, 
to studying the same processes 
in different systems, from careful 
observation to manipulation. In Boveri’s 
case, this path led via the observation 
of naturally occurring altered states to 
the experimental generation of these 
states, in his ‘natural experiment’. 
Most impressively, he had applied the 
system that was initially used to study 
centrosomes and chromosomes to 
the study of how the chromosomes 
are regulated by the cytoplasm and 
how this regulation gives rise to the 
differentiation of animal cells and 
organs. It is daunting to think where 
this path might have led the ingenious 
observer, experimenter and thinker 
Boveri, had he had another twenty 
years to work on it. But tragically, in 
Boveri’s beginning was also his end.  
In 1915, he fell seriously ill with 
repetitive fevers and colics. He had 
become infested with Ascaris worms 
and suffered badly. As he wrote to 
a friend shortly before his death: “It 
is mean when the beasts you have 
worked on, now start working on you.”
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